Low-lime fly ashes produced from modern coal-fired power technologies (developed to enhance efficiency/lower emissions), including nitrogen oxide (NO x ) reduction, co-combustion, supercritical steam and oxy-fuel combustion, and their effects on chloride ingress and carbonation of concrete are investigated in this paper. Earlier work indicates that some of these technologies influence fly ash properties, but they mainly follow typical behaviour found for the material (consistence and compressive strength) in concrete. Both accelerated and normal-type exposure tests were carried out on a range of practical water/cement ratio concretes (also enabling interpolation for comparisons at equal 28 d strength). The test fly ash concretes were evaluated against (i) those containing three reference fly ashes covering a range of fineness and (ii) corresponding studies on fly ash concretes from the 1990s. The results show that there was an influence of fly ash fineness, reflected in reactivity/porosity (measured on mortar), and aspects of chemistry on chloride ingress, but there appeared to be minor material effects on carbonation. Comparison with the 1990s data indicated similar behaviour for the materials between studies for both properties. A relationship was also identified for the product of reactive alumina and sub-10 μm contents of the modern fly ashes and chloride resistance of concrete.
Introduction
Developments in electricity generation mean that some countries have seen a gradual change in how this is sourced (McCarthy et al., 2017a) . For example, in the UK there have been reductions in the use of coal, with other forms of energy being more widely adopted (BEIS, 2017) . At the same time, with coal-fired electricity production, there has been an increase in the implementation of technologies that enhance efficiency and/or reduce emissions (Beer, 2007; Buhre et al., 2005; Franco and Diaz, 2009 ). These include low-nitrogen-oxide (NO x ) methods (in-and post-combustion), co-combustion, supercritical steam and oxy-fuel combustion, a summary of which is given in Table 1 . While they offer benefits to electricity generation, less is known about the fly ashes produced and their application in concrete. With the changing situation, including issues of availability (McCarthy et al., 2017a) , modern coal-fired power technologies are likely to have a continuing impact on fly ash (Barnes, 2010) .
In a previous study (McCarthy et al., 2018) , the characteristics of fly ash from modern technologies and their influence on the fresh properties and strength of concrete were examined. For technologies involving changes to the fuel -for example, co-combustion -or the combustion process, such as NO x reduction (in-combustion natural gas reburn system), the fly ashes were generally coarser and had a higher loss on ignition (LOI), while for other techniques, there was a less significant effect. The chemistry was affected in some cases (e.g. co-or oxy-fuel combustion), but mainly as expected given the coal used. The behaviour of fly ash was found to be in general agreement with earlier research (Dhir et al., 1998) ; for example, increased coarsening/LOI tended to give higher water requirement/reduced reactivity in mortar and concrete. Overall, the results indicate suitability of the materials in this application for the properties tested.
Fly ash is known to influence several aspects of durability, mainly corresponding to effects on the physical and chemical properties of concrete (CS, 2011; Sear, 2001) . For example, in comparison to Portland cement (PC) concrete, reduced rates of chloride ingress may be achieved with fly ash due to enhanced microstructure and chemisorption/binding (Dyer, 2014; Liu et al., 2017) . In contrast, increased carbonation rates can occur, reflecting differences in binder chemistry, although this appears to depend on the concrete mix composition and curing (Thomas, 2007) and exposure conditions (Bijen, 1996) . Given their damaging effect on concrete structures, the influence of fly ash on these processes has received wide coverage (e.g. Angst et al., 2009; Atis, 2003; Baroghel-Bouny et al., 2009; Faustino et al., 2016; Loser et al., 2010; Marques et al., 2013) .
Studies investigating the behaviour of different fly ashes on these durability properties have been limited. In the case of chloride ingress, some effect of fly ash fineness has been reported (Chindaprasirt et al., 2007) , with aspects of the chemistry also identified as having a role (e.g. alumina; Dhir et al. (1991) ), for equal strength concretes. Minor influences of different fly ashes in concretes of equal strength have been found for carbonation under both accelerated (Dhir et al., 1998) and normal-type (Thomas and Matthews, 1992) exposures, appearing to reflect a balance between physical and chemical factors. Given the effects noted for fly ash from modern coal-fired power technologies (McCarthy et al., 2018) , it is possible that they may affect chloride ingress and carbonation of concrete, and a study was established to address this.
Research programme
In order to investigate modern coal-fired power technology influences, fly ashes were obtained from various sources (mainly from within the UK) providing reference and test materials. Following characterisation of their properties, concrete mixes were developed, covering the practical range of water/cement (w/c) ratios relevant to the durability properties being studied (BSI, 2015) . This enabled comparisons at equal w/c ratio and interpolation to specific concrete strengths for evaluation on this basis. The tests for chloride ingress and carbonation of concrete followed both (i) accelerated (electric field, high concentration) and (ii) normal-type exposures (i.e. corresponding to practical conditions).
As the collection of fly ash samples before and after introducing the modern coal-fired technologies was not possible, the test results were evaluated with respect to three reference fly ashes. Supporting experiments investigating the microstructure and reactivity of cement/fly ash mortars were carried out to assist with interpreting the durability results. Comparisons were also made with data from studies examining chloride ingress and carbonation of fly ash concretes from the early 1990s (Dhir et al., 1991; Thomas and Matthews, 1992) .
Materials
A PC (CEM I) of strength class 52·5 N, as per BS EN 197-1 (BSI, 2011), was used in combination with the fly ashes for the various tests on mortar and concrete.
The fly ashes, from the UK and other parts of Europe, were mainly from bituminous coal, but in two cases they were produced from anthracite coal. Many power stations use NO x -reducing methods and hence some of the fly ashes were from a combination of these and the specific techniques being investigated. The fly ash properties have been given in full previously (McCarthy et al., 2018) and hence only a summary is included in Tables 2 and 3. FA1, FA2 and FA3, with a range of fineness, were used as references and were (i) obtained from a power station operating at full capacity, (ii) a category S fly ash and (iii) sampled from a power station during the 1990s, respectively.
Test fly ashes FA4, FA5 and FA6 were produced with specific NO x -reduction methods. FA4 and FA5 used post-combustion techniques (selective catalytic reduction (SCR) and selective Part-recycling of flue gases is used to control oxygen levels/temperature non-catalytic reduction (SNCR)). FA6 was from an incombustion natural gas reburn system. FA7, FA8 and FA9 used co-combustion, combining coal with different co-fuels. FA7 and FA8 were produced at the same power station (anthracite coal), sampled in winter and summer, with wood chips as the co-fuel and ammonia injected to assist in collection at the precipitators. For FA9 (from bituminous coal), petroleum coke had been adopted. FA10 and FA11 were produced with supercritical steam technology, while FA12 was obtained using oxy-fuel combustion with a 1 MW trial burner (FA10, FA 11 and FA12 were tested for chloride ingress only).
While most fly ashes met BS EN 450-1 requirements (BSI, 2012) , some were outside the limits for certain properties. The LOIs of the reference fly ashes were between 4·0 and 5·9%, while those of the modern fly ashes ranged from 1·4 to 17·3%, with FA7, FA8 and FA9 exceeding the BS EN 450-1 limit (BSI, 2012) , which may reflect anthracite coal used for FA7 and FA8. Fineness (45 μm sieve retention) varied from 9·6 to 32·8% and 12·1 and 29·6%, respectively. The calcium oxide (CaO) content for all fly ashes was less than 5·0%, with the sum of the main oxides (silicon dioxide (SiO 2 ), aluminium oxide (Al 2 O 3 ) and iron (III) oxide (Fe 2 O 3 )) being greater than 70%, except for FA10 and FA11, which were slightly below this (possibly reflecting co-combustion). Most fly ashes had alumina contents around 20%, although FA4, FA6, FA10 and FA11 were lower. The alkali content (Na 2 O eq ) ranged from 3·5 to 3·9% for the reference fly ashes and 1·9 to 4·1% for the modern fly ashes, while sulfate levels were between 0·9 and 1·4% and between 0·8 and 3·4%, respectively, with FA9 and FA12 close to and exceeding the BS EN 450-1 limit (BSI, 2012) . The main mineral components were, with a few exceptions (e.g. quartz content of FA4 and FA6), typical for the coal used. The glass/others content, not including LOI, ranged from 66·5 to 73·2% for the reference fly ashes and 59·2 to 83·8% for the modern fly ashes.
The aggregates for concrete were a gravel in two size fractions (10/20 and 4/10 mm) and a medium grade sand (0/4 mm), as per BS EN 12620 (BSI, 2002) . Their particle densities were 2610, 2600 and 2630 kg/m 3 , with corresponding water absorptions (laboratory dry to saturated surface dry (SSD)) of 1·3, 1·4 and 0·8%, respectively. A superplasticising (SP) admixture based on a modified polycarboxylate ether to BS EN 934-2 (BSI, 2009) was used to control the consistency of concrete at a fixed water content.
Concrete mix proportions and preparation
The concrete mixes used are given in Table 4 . They provided a range of w/c ratios and enabled comparisons at equal strength by interpolation, using an approach followed previously (Kandasami et al., 2012) . The concretes had a free-water content of 165 l/m 3 , with 30% fly ash in the binder. The aggregates (given at SSD in Table 4 ) had fine/total content ratios of 0·40 to 0·44, based on Teychenné et al. (1997) . The SP admixture was used as required (with doses from 0·3 to 0·9% by mass of the binder) to achieve a slump of 100 to 150 mm. Concrete was produced in a horizontal pan mixer, as described in BS 1881-125 (BSI, 2013a). After sample preparation, curing 
indicates the diameter of the particle at which 50% of the sample's particles are smaller than that value b Not including LOI was carried out in water at 20°C for 7 or (mainly) 28 d, as indicated below, prior to preconditioning and/or testing.
Test methods

Chloride ingress
Chloride migration was measured on selected concretes using the NT Build 492 test (Nordtest, 1999) . Cylinders of 100 mm dia. and 300 mm length were cast and water-cured for 28 d, and then three 50 mm slices were cut from the cylinders, while avoiding the top 20 mm. The sliced samples were pre-conditioned for 24 h by following the vacuum treatment procedure, using calcium hydroxide (Ca(OH) 2 ) solution. Next, the samples were put in rubber sleeves with 300 ml of 0·3 M sodium hydroxide (NaOH) solution (anolyte) on the top surface and placed on supports in 12 l of 10% sodium chloride (NaCl) solution (catholyte) and the anode immersed in the anolyte. The electrodes were connected to a power supply, the anolyte temperature was measured and the voltage was adjusted according to the current. At the end of the test, the anolyte current and temperature were measured, and specimens split and sprayed with 0·1 M silver nitrate (AgNO 3 ) solution. The silver chloride (AgCl) precipitation depth was recorded at seven locations and a non-steady state migration coefficient was determined using the NT Build 492 equation (Nordtest, 1999) .
Chloride ingress was also determined using the prEN 12390-11 profiling method (CEN, 2013), with two 100 mm cubes. Following 28 d water curing, each was cut into two specimens (initial and profile), which were used to measure chloride contents before (initial, C i ) and after exposure (profile). The profile specimens were vacuum saturated with distilled water and all sides, except the cut face, sealed with wax. These were immersed in a 3·0% NaCl solution at 20°C for 90 d. The initial chloride content was determined by grinding 1-5 g of powder from this (initial) specimen and digesting it using 5 mol/l nitric acid. The solution was filtered and chloride content (by mass of specimen) determined by potentiometric titration, as described in BS EN 14629 (BSI, 2007) .
Chloride contents of profile specimens were determined by grinding layers (a minimum of eight, at set depths) from the exposed concrete surface. The depths were based on prEN 12390-11 (CEN, 2013), depending on the cement/combination and w/c ratio of concrete. Chloride contents were also measured by acid digestion, filtration and potentiometric titration. The non-steady state chloride diffusion coefficient/surface chloride were evaluated by non-linear regression curve fitting to the data and Fick's second law of diffusion, as described in prEN 12390-11 (CEN, 2013) . This ignored the surface layer and included values to a depth of C i + 0·015% (C i ranged from 0·034 to 0·045% during the tests), with correlation coefficients for all data >0·95.
Carbonation
Accelerated carbonation tests were based on BS 1881-210 (BSI, 2013b), but used a lower carbon dioxide (CO 2 ) concentration (2·0%) and a longer test period (20 weeks) than given in the standard, with samples FA1-FA9 examined. Following 28 d of water curing, the two 100 Â 100 Â 400 mm prisms were dried for 14 d at a temperature of 20°C and 55% relative humidity (RH). The prisms were sealed on all but two faces and were introduced to the exposure tank at the above carbon dioxide concentration, a temperature of 20°C and 55% RH. Periodically (2, 4, 6, 10, 15 and 20 weeks), 50 mm slices were split from the prism specimen, which was then resealed and returned to the exposure. The slice was cleaned and sprayed with phenolphthalein pH indicator, with the colour change measured at five points on the edge of each slice after 24 h. The carbonation depth was taken as the mean of 20 readings (10 per prism).
The normal-type exposure test conditions followed those given in prEN 12390-10 (CEN, 2007) -that is 0·035% carbon dioxide, 20°C temperature and 65% RH -using two 100 Â 100 Â 400 mm concrete prisms water-cured for 7 d. At set times (140, 365 and 540 d), 50 mm slices were again split from the prism specimens.
A similar procedure to that described above was used to measure carbonation depth. In this case, the mean of 40 measurements (four faces; 20 per prism) was taken as the depth.
Results and discussion
Chloride ingress
Initially, accelerated chloride tests were carried out to identify general behaviour of selected fly ashes. These included three fly ashes at 0·35 w/c ratio and six at 0·55 w/c ratio, namely FA1, FA2, FA4, FA5, FA7 and FA8 (reference, low NO x (postcombustion) and co-combustion fly ashes), providing a range of properties. The results from these are given in Figure 1 , with fineness and LOI of the fly ashes also shown.
As expected, chloride migration coefficients reduced with w/c ratio of concrete. In addition, the lowest value at 0·35 w/c ratio was obtained by FA1 (reference) concrete, while FA8 (co-combustion) had the highest value. At 0·55 w/c ratio, FA2 (reference) concrete had the lowest chloride migration coefficient, with those of the post-combustion low-NO x fly ashes slightly higher -in particular FA4, which had a lower alumina content (albeit the test period is short), known to affect chloride binding (Dhir et al., 1991; Thomas et al., 2012) -with FA8 (co-combustion) again having the greatest value. The results, therefore, indicate some influence of fly ash properties on chloride ingress, with more noticeable effects at increased w/c ratio.
An example of the chloride profiles from the prEN 12390-11 (CEN, 2013) 90 d immersion tests for the 12 fly ash samples, in 0·45 w/c ratio concrete, is given in Figure 2 . As indicated, these follow the expected behaviour for this type of chloride exposure test, giving a gradual reduction in chloride content with depth. Chloride levels at the concrete surface generally indicate a wider range between materials, of between 0·4 to 0·6% by mass of sample, which reduced, with less difference, to around 0·05% at 20 mm depth. The mean coefficient of variation for non-steady state diffusion with the three w/c ratios tested (0·55, 0·45 and 0·35 using 9, 12 and 7 fly ashes, respectively) was 16·7%, which compares favourably with values referred to for the test method (CEN, 2013).
The non-steady state diffusion coefficients for the various w/c ratio concretes are given in Figure 3 . As with the NT Build tests, w/c ratio effects are apparent in the data, with greater reductions in diffusion coefficients mainly found between w/c ratios 0·55 and 0·45 than between 0·45 and 0·35. For the different fly ashes, there were variations between concretes, although these tended to reduce with w/c ratio. For the reference fly ashes, similar results were obtained for FA1 and FA2 concretes, but higher values with the coarser FA3.
In the case of low-NO x fly ashes, FA4 and FA5, which were relatively fine and had low LOI, and used post-combustion techniques, slightly higher chloride diffusion results were generally obtained in concrete compared to those with FA1 and FA2. Results for FA6 (in-combustion natural gas reburn system) concrete indicate increased values compared to FA4 and FA5. FA6 was coarser and had a lower alumina content than the other fly ashes, which may account for the effect.
The co-combustion fly ashes gave greater chloride diffusion values for wood chip materials, FA7 and FA8, which were coarser and had high LOI compared to the reference (FA1 and FA2) concretes with similar results to that of the relatively coarse FA3. For petroleum coke fly ash (FA9), lower chloride diffusion coefficients were obtained than for FA7 and FA8 concretes, but similar/higher values than for FA1 and FA2. This is despite a relatively high sulfate level, which may affect chloride binding (Frias et al., 2013; Yuan et al., 2009) . Previous work has found no consistent effect (Dhir et al., 2005) and little change (Scott and Thomas, 2007) with accelerated chloride tests for various co-combustion fly ash concretes.
The supercritical and oxy-fuel fly ash concretes gave similar values (at the higher end of the range measured) during the tests. In the case of FA10 and FA11, these may correspond to lower alumina contents and relative coarseness of the materials. For FA12, the high sulfate content may reduce chloride binding, with the material also having moderate fineness.
Carbonation
The carbonation depths for the accelerated tests (2·0% carbon dioxide, 20°C temperature and 55% RH) on concretes Figure 4 . These follow typical behaviour for carbonation, with increases in depth noted with exposure time, but at a reducing rate. Between the two w/c ratios, 0·55 and 0·45, reductions of about 30 to 50% in carbonation depth were found for the concretes by the end of the test period. The results indicate little difference in the progress of carbonation between the reference fly ash concretes (FA1, FA2 and FA3), with all values within 1 mm during and by the end of the test at both w/c ratios.
The results for the NO x -reduction fly ash concretes, FA4 to FA6, and both w/c ratios, also gave minor variations between materials, irrespective of whether they were from post-or incombustion technologies, and the range was less than 1 mm over the test period. Comparisons with the reference fly ash concretes indicate little or no difference in carbonation depths.
The co-combustion fly ashes (FA7, FA8 and FA9) gave greater variations than those for the other concretes, with the petroleum coke fly ash (FA9) concrete being highest of those in this group (by up to 1·3 mm) over the exposure period and for both w/c ratios. Differences in carbonation depth of less than 1 mm were mainly noted between the co-combustion and reference fly ash concretes. Previous accelerated tests (Dhir et al., 2005) gave some variations between fly ash concretes, including several using co-combustion, but no identifiable effect for this type of material.
Carbonation results for the fly ash concretes using the normaltype conditions (0·035% carbon dioxide, 20°C temperature and 65% RH) are shown in Table 5 . As indicated, these were similar to the accelerated data, with increases in carbonation depth with time, but at a reducing rate. Again, there was little difference between the reference concretes, which were within 0·5 mm over the range of w/c ratios by 540 d. Similarly, the NO x -reduction and co-combustion concretes had carbonation depths within 0·6 mm and 0·7 mm for the various w/c ratios by this test time. Overall, there were only small differences between the test and reference fly ash concretes.
A comparison is made between accelerated and normal-type carbonation exposure results in Figure 5 . These indicate a cluster of data points for each of the two w/c ratios, with the accelerated exposure concretes giving slightly higher results (corresponding to differences in concentration and exposure periods). The results for both w/c ratios give similar behaviour between the accelerated and normal-type conditions, whilst differences in carbonation depths for the various fly ash concretes were within the range of repeatability measurements noted previously for these tests (Jones et al., 2000) .
Modern fly ash effects on chloride ingress and carbonation
As mentioned above, the influence of fly ash on concrete durability mainly corresponds to its effect on the microstructure and aspects of the chemistry. In order to explore this and assist with the interpretation of the modern coal-fired power technology fly ash data, reactivity and porosity tests were carried out on fly ash mortars, and comparisons were made with fly ash data from corresponding tests on concretes carried out during the 1990s, to establish whether the same type of effects were obtained.
Activity index tests followed the method described in BS EN 450-1 (BSI, 2012) -that is, comparing PC/fly ash and PC standard mortar (containing CEN-standard sand as per BS EN 196-1 (BSI, 2016) , at 25% fly ash in the binder and 0·5 w/c ratio) strengths at 28 and 90 d to provide a measure of reactivity. Tests using mercury (Hg) intrusion porosimetry (MIP) to determine porosity were also made on standard mortars, with specimens (8 mm dia. and approximately 20 mm length) taken from a larger-sized sample. These were introduced to acetone for 24 h to displace water, thus stopping hydration, and were oven dried for 24 h. Mercury intruded the samples at variable pressure rates up to 230 N/mm 2 , with pores above 0·0065 μm being measured.
The results from the activity index tests at 28 and 90 d (McCarthy et al., 2018) are shown against fly ash fineness in Figure 6 . These gave slight reductions with coarsening of fly ash, with the same effects at both 28 and 90 d, and are similar to data obtained previously (Dhir et al., 1998) . The results from selective fly ash mortar porosity tests at 28 and (mainly) 90 d are shown in Figure 6 . These illustrate that slight reductions in porosity occurred between the two test ages, ranging from <1 ml/g to around 3·5 ml/g. Minor increases in porosity were noted with sieve retention -that is, coarsening of fly ash -at both test ages. The results indicate that reactivity and packing effects associated with finer material (Chindaprasirt et al., 2005) occur with the modern fly ashes.
To examine the effects of fly ash properties on chloride resistance, a comparison was made between the characteristics identified as influencing the process -alumina content, glass content and fineness (Chindaprasirt et al., 2007; Dhir et al., 1991; Papadakis, 2000; Thomas et al., 2012) -for the data from the current and an earlier study on fly ash concrete (Dhir et al., 1991) . The basis for this is equal strength (cube) in both cases, which is likely to reduce the influence of microstructure on the process. There were differences in concrete mixes and materials (other than fly ash), but the intention was to establish if similar behaviour between studies occurred. Figure 7 shows the relationships between chloride diffusion and the reactive alumina content in the fly ash -that is, that found in the alumino-silicate glass (Papadakis, 1999) , determined from the difference in total alumina (X-ray fluorescence spectrometry) and alumina bound in mullite (X-ray diffraction) (i.e. reactive alumina present in concrete (kg/m 3 )).
This indicates that, although there is some scatter in the data, a general reduction occurred in chloride diffusion with increasing reactive alumina content in concrete. The effects of microstructure with the changing w/c ratio (between strengths of 35 and 45 MPa) are also evident in the data.
The results from the 1990s study (using a different type of chloride test, two-compartment cell, which tends to give lower values for the property) indicate similarities in trends for the two studies. The two distinct groups in the 1990s data in Figure 7 indicate that there may be a maximum reactive alumina content, around 30 kg/m 3 , beyond which there is little further reduction in chloride diffusion. This type of behaviour has been noted previously in chloride binding and diffusion FA1  1·5  2·8  3·4  2·6  4·7  5·9  4·7  8·0  10·5  FA2  1·4  2·7  3·3  2·9  4·7  5·8  4·6  7·9  10·4  FA3  1·3  2·4  3·1  3·1  5·5  6·3  ---FA4  1·6  3·0  3·5  2·7  5·1  5·9  4·5  8·2  10·6  FA5  1·8  2·9  3·6  2·7  4·8  5·9  4·5  7·9  10·4  FA6  1·5  2·6  3·0  2·2  5·0  6·0  ---FA7  1·3  2·4  3·0  2·8  5·5  6·7  4·7  8·0  10·5  FA8  1·5  2·7  3·3  2·7  5·0  6·0  5·4  8·4  10·6  FA9  1·4  2·4  2·9  2·9  5·7 tests on concrete for fly ash used at various levels in the binder (Dhir et al., 1997) .
Similar effects are evident between the chloride diffusion results and glass (glass/others) content of fly ash. In this case, a gradual reduction in chloride diffusion with increasing glass content was noted for the modern fly ash concretes. This is reasonable given the linear relationship between glass content and reactive alumina for fly ash noted in data from Moreno et al. (2005) . There is general agreement with the 1990s data (Figure 7) , which, like reactive alumina, suggest that there is a maximum effective value for glass content -in this case around 100 kg/m 3 .
The comparisons of fineness and chloride diffusion for the modern fly ashes (Figure 8 ) show gradual increases in chloride diffusion with coarsening of fly ash. Given the basis of comparison is equal strength (which tends to reduce differences in microstructure), the observed effects may correspond to the influences of finer fly ash on surface area for chemisorption and binding of chloride. This, again, gives general agreement with that noted previously in the 1990s for 40 MPa concrete.
Overall, the data suggest both physical and chemical factors influence chloride ingress and that there is similar behaviour between the current and previous studies.
The carbonation depth results following 540 d normal-type exposure for the modern fly ash concretes (at equal strength) are shown against fineness in Figure 9 . This indicates that there are only minor variations in carbonation depth between fly ash concretes with changing fineness. It is evident, as noted above, that similar effects in accelerated tests have been found previously (Dhir et al., 1998) , where adjustments in w/c ratio were made to achieve equal strength between different fineness fly ash concretes.
The data from tests on various fly ash concretes carried out in a study from the early 1990s (Thomas and Matthews, 1992) are also shown in Figure 9 . In this case, higher strength concretes (although referred to as C25 and C35), with similar curing and exposure conditions (with tests at 730 d) but a narrower fly ash fineness range, were used. As with chloride ingress, there were differences in concrete mixes, which could influence carbonation results. However, it is evident that there were only minor variations in depths, and similar effects with respect to fly ash fineness between the current and 1990s study.
Given the short-term curing used for the concretes (7 d in water) in Figure 9 , it is likely that influences due to pozzolanic reactions, which tend to start later than 7 d for the conditions used (McCarthy et al., 2017b) , would be limited. It is probable that any differences in carbonation between fly ash concretes would then correspond to dispersion of PC flocs and early filler effects on PC hydration/particle packing (Dhir, 1986; Lothenbach et al., 2011; Tangpagasit et al., 2005) . The data suggest that either these have a small influence on carbonation, or that variations between fine and coarse fly ash are reduced when comparing at equal strength.
Practical implications
The study has shown that, while modern coal-fired power technologies may have some effect on fly ash properties, their influence on the aspects of durability being investigated gave general agreement with data obtained from previous research on fly ashes. Although the findings are specific to the materials included in the study, they demonstrate that modern fly ashes follow expected behaviour. This is of increasing importance given the anticipated developments in sourcing material (Carroll, 2014) , including greater international trade (McCarthy et al., 2017a) and the range of technologies likely to have an impact on fly ash (Barnes, 2011) .
To examine the influence of the physical and chemical properties of fly ash on chloride ingress (material dependent), the ranking of fineness (in terms of sub-10 μm (Gambhir, 2013; Payá et al., 1995) ), reactive alumina and chloride diffusion coefficient (w/c = 0·45) is given in Table 6 . This indicates that the sub-10 μm content mainly ranged from 20 to 45%, while reactive alumina was between 11·5 and 14·5%. In terms of the ranking for chloride ingress in fly ash concrete, these highlight the importance of having high fineness and high reactive alumina content. This is also reflected in the relationship between the product of sub-10 μm and reactive alumina contents, and chloride diffusion, as shown in Figure 10 (with R 2 = 0·70).
Conclusions
Preliminary tests on selective fly ashes using the NT Build 492 method indicate that material from modern technologies can have some effect on chloride ingress in concrete. Factors associated with fly ash previously identified as affecting the process, including fineness and alumina content, appeared to have a role. Less difference between fly ash concretes was apparent with reducing w/c ratio.
Tests following the prEN 12390-11 method gave typical chloride profiles for modern fly ash concretes. The chloride diffusion results gave similar effects to those found in the accelerated tests, with fineness and alumina content generally influencing behaviour. Between the different fly ashes, effects tended to be greater at higher w/c ratio, with concrete containing some of the modern fly ashes (in particular in-combustion . Relationship between fineness (45 μm sieve residue) and carbonation depth (0·035% carbon dioxide, 20°C temperature and 65% RH): current study, left; internal storage: 1990s study, right
Magazine of Concrete Research Fly ash from modern coal-fired power technologies: chloride ingress and carbonation of concrete McCarthy, Yakub and Csetenyi NO x reduction, co-combustion (wood chip), supercritical steam and oxy-fuel combustion) appearing to be at the upper end of the range.
Both accelerated and normal-type exposure tests were carried out to investigate carbonation between the different modern fly ash concretes. The results for both series gave increasing carbonation depth with time, but at a gradually reducing rate. There appeared to be little influence of modern fly ashes on the process, with similar behaviour occurring for the range of w/c ratios and two carbonation test conditions.
Tests on standard fly ash mortars of equal w/c ratio (0·5), with 25% fly ash in the binder for reactivity (by activity index) and porosity (by MIP), indicate that there were small influences of fineness on these properties for the various modern fly ashes, with similar behaviour generally apparent at the two test ages (28 and 90 d) for both. The results gave general agreement for the properties to those noted previously with fly ash.
Comparisons of the results of the current study for both chloride ingress and carbonation with respect to studies carried out during the 1990s indicate similar effects with respect to reactive alumina (content in the glass), glass content and fineness for the former, and fineness for the latter. A relationship was found for the product of reactive alumina and sub-10 μm contents of the fly ashes and chloride ingress in concrete.
Overall, it appears that, while the modern coal-fired power technologies may have some effect on fly ash characteristics, the materials have similar influences on the concrete durability properties investigated to those noted previously.
